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ABSTRACT 
Humidity sensors can be used to monitor body sweat. Here, we studied a 
humidity sensor that comprised of a graphene layer between two electrodes. The 
operating principle is that the humidity sensor will respond when vapor reaches the 
graphene layer from the top. Based on the humidity diffusion, the sensor measures the 
relative humidity (RH) with different response times. Graphene is a material with high 
diffusivity and small thickness that can increase the sensitivity of a sensor. Based on 
the Micro Electromechanical Systems (MEMS) method, we modeled the humidity 
sensor using COMSOL Multiphysics transport of diluted species software. Finally, we 
used the concentration values from the simulations to determine the relationship 
between capacitance and relative humidity. The sensitivity was found to be 3.379 
×10−11 pF/%RH for the 4-layer graphene, 1.210 ×10−14 pF/%RH for the 8-layer 
graphene, and 3.597 ×10−11 pF/%RH for the 16-layer graphene sensor. The sensitivity 
of 4-layer graphene with gold sensor is 3.872 ×10−13 pF/%RH which is smaller than 4-
layer graphene one, and graphene with gold should have better response time than 4-
layer graphene. 
1 
 
CHAPTER 1. INTRODUCTION 
 
1.1. Motivation 
Humidity sensors, widely used as important parts of machines that need to 
measure relative humidity, are often based on properties of different polymers, 
including DVS-BCB (Benzocyclobutene), PDMAA (poly-dimethyl acrylamide), 
PDMAEMA (2-dimethylamino ethyl methacrylate), and others [1]. 
Graphene has become a very popular material in the 21st century. Scientific 
journals have reported that this material is the lightest, strongest, and thinnest material, 
and it is also a superior heat and electricity-conducting material that can replace many 
commonly-used materials. Graphene research has been conducted in different areas for 
several years, and graphene has become famous in several different research areas 
based on its outstanding physical, chemical, and mechanical properties. With further 
development, graphene will be used even more widely a variety of new areas [2]. 
Graphene is superior to many commonly-with respects to its diffusion 
properties, and graphene size is less than that of the DVS-BCB polymer, up to now the 
best choice for use in high-sensitivity humidity sensors. For these reasons, graphene 
was used in COMSOL simulation of the humidity sensitive layer of a new model, and 
the results were compared with those obtained from lab measurements of dry printed 
graphene. 
 
1.2. History of humidity sensor 
In 1450, a hair hygrometer was constructed by German scientists as the first 
humidity sensor in human history, and a drawing of it was made by Leonardo da Vinci 
in 1480 [3]. In 1973, the Finnish company Vaisala produced ‘Humicap’, a humidity 
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sensor using a thin film of water-vapor–sensitive polymer [4] that can respond to 
atmospheric moisture humidity by changing its electrical capacitance, and through 
technological advances, several different humidity sensors have appeared, including a 
saturated lithium chloride sensor, a saturated lithium chloride sensor, and a color-
change sensor.  
Humidity sensors can be divided into two broad categories: those measuring 
relative humidity and those measuring absolute humidity. Absolute humidity is the ratio 
of the mass of water vapor to the volume of air or gas, while relative humidity is the 
ratio of the moisture content of air to the saturated moisture level at the same 
temperature and pressure [5,6]. 
Different kinds of humidity sensors are used widely in several areas. For 
example, they can be used to monitor humidity in atmospheric moisture that plays a 
critical role during semiconductor manufacture, and they are commonly-used with 
other equipment to control atmospheric humidity in buildings or to assist with 
microwave oven cooking in our daily lives. 
 
1.3. History of graphene 
Graphite is a mineral that has formed naturally about a 500-year interval, and it 
has been found in an abundance of reserves in the world. Graphene can be considered 
to be single-layer graphite with the special characteristics of honeycomb carbon [7]. In 
1947, a Canada physicist, Philip Wallace, published a paper describing the electronic 
behavior of graphite. After several decades of development, Andre Geim and 
Konstantin Novoselov in 2004 produced graphene in their lab at the UK's University of 
Manchester, and they received the 2010 Nobel prize in Physics for their outstanding 
contribution [8]. They used adhesive tape to pull off flakes of graphene, then stretched 
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the folded tape to obtain thinner layers of graphite and found that graphite one atom 
thick appeared at some places in the graphite, forming a one atom thick layer of 
graphene, as shown in Figure 1.1[9]. 
 
Figure 1.1 Single-layer Graphene 
 
Over decades of development, scientists have spent tremendous amounts of 
research time using various methods to produce graphene in their experimental labs, as 
described in the following: 
Scientists can use a glass tip to exfoliate flakes from a graphene crystal onto 
paper and then use adhesive tape pick it up as graphene. The disadvantage of this 
method of production is that the tape will leave the glue on the graphene sample. 
Another common treatment method is to are bake graphite in a hydrogen/argon 
environment for 1 hour at 200 degrees or heating it under vacuum to 500 degrees. Some 
scientists have deposited graphene on a silicon wafer to avoid glue contamination, then 
producing one to three-layer graphene by applying a high voltage (3-5kv) to 300nm 
pure silica. Based on the expression of the final production, they could not avoid 
unevenness in the graphene films produced using this method. Such disadvantages 
represent challenges to large-scale production level [10]. Soldano’s paper described 
another method to produce graphene, i.e., hydrocarbons can be decomposed into 
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graphene on metallic or metal carbide substrates, the biggest challenge being difficulty 
in controlling morphology and adsorption energy of the graphene [10]. 
Graphene oxide (GO) as an easily-produced material that can be reduced to 
achieve mass production of graphene, and electrochemical methods represent an 
economical and environmentally-friendly way to produce high-quality graphene. 
Scientists have provided two different routes for this production: a one-step 
electrochemical reduction approach and two-step electrochemical reduction approach. 
In the one-step approach, electrochemically-reduced graphene oxide (ERGO) will 
appear on the electrode surface within an aqueous electrolyte. Scientists apply three 
different methods: cyclic voltammetry (CV), linear sweep voltammetry (LSV), or a 
constant potential mode in a standard three-electrode electrochemical system at room 
temperature to achieve this reduction process. In another method, a thin film of 
graphene oxide covers the surface of the electrode that is then dried to become a GO-
coated electrode, with ERGO films produced on the electrode in the supporting 
electrolyte using a standard three-electrode electrochemical system. Compared to the 
chemical approach, the electrochemical method is more controllable and effective [11]. 
In the following studies of graphene, scientists have focused on its experimental 
properties related to condensed matter physics, materials engineering, chemistry, and 
biophysics [12]. Based on the useful properties of graphene, several topics are worthy 
of further study. 
Graphene is a good sensor material, and scientists can produce sensors 
conforming to an ideal state by improving production techniques [13], and described 
by the several different examples shown below: 
While strain sensors are widely used in infrastructural and automobile health 
monitoring, common strain sensors just have a detection limit of about 5%. Yan’s paper 
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describes a method for producing graphene strain sensors with detection limits up to 
100%. Yan’s group embedded three-dimensional macroporous nanopapers in a 
stretchable elastomer matrix composed of crumpled graphene and nanocellulose than 
can be stretched to 95%. Such a high-strain sensor, highly-demanded in the market, can 
be produced as a wearable health-monitoring patch, as robotic sensory skin, and as a 
tele-surgery electronic glove [14,16]. 
Graphene, a material with its own unique and attractive properties, along with 
its composites can be used to produce sensors for detection of toxic, flammable, or 
explosive gases. Compared with traditional metal oxide-based sensors, graphene-based 
sensors offer better properties in terms of sensitivity, reversibility, and limits of 
detection, and such detection sensors are frequently needed to work under adverse 
conditions, making the high mechanical strengths, huge surface areas, and excellent 
temperature or electrical-tolerance properties of graphene is the good choice for a 
sensor film. The defective sites of graphene can also improve its capability for gas 
adsorption, reducing the need for high-quality graphene fabrication and lowering the 
production costs of gas sensors. Graphene as a gas-sensor film can adsorb gas by 
physical or chemical method, then conductivity changes can be detected to identify the 
type of gas. For example, adsorption of an oxidizing gas can increase graphene 
conductance, and adsorption of a reducing gas can decrease such conductance. Based 
on this characteristic of graphene, scientists still face challenges in its further 
development, e.g., they must overcome the problem that different gases may produce 
the same conductance in the detection process [15,16]. With extensive research on 
graphene, graphene-based gas sensor will undoubtedly be eventually brought into 
common use. 
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In other research area, researchers have found that integrating graphene into 
micro supercapacitors can improve specific surface area, capacitance, and energy 
storage [17]. Xiong’s paper describes a direct femtosecond laser reduction process to 
produce graphene-based oxide electronic microcircuits on graphene oxide films. Based 
on the laser-writing technique, micro supercapacitors can be produced on a large scale 
using a standard LightScribe DVD burner [17].  
 
1.4. Outline 
A summary of the remaining chapters: 
Chapter 2: The model of the humidity sensor is explained. The humidity sensor 
using the polymer (DVS-BCB) is modeled in COMSOL and the sensitivity value of 
this humidity sensor is determined. 
Chapter 3: Project simulation using COMSOL software is described, and a 3D 
humidity-sensor model of is described. Relationships between capacitances and 
different relative humidity values are described and their graphs plotted. 
Chapter 4: A humidity sensor using a polymer (graphene) in the COMSOL is 
remodeled, and comparisons are made between using different layers of graphene and 
graphene with gold. Data from the COMSOL simulation and lab results are compared. 
Chapter 5: Conclusions and further studies. 
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CHAPTER 2. HUMIDITY SENSOR 
 
2.1. Introduction: 
The Humidity sensor used in this study is a modern sensor used widely in the 
electronic chip manufacturing industry, in air conditioners, and in artificial respiration 
units. There are three different types of humidity sensors: resistive, capacitive, and 
displacement, and this project sought to find the response time and sensitivity of a 
capacitive-type humidity sensor, a modern sensor featuring low cost, small size, low 
power, and high precision. Micro Electro Mechanical Systems (MEMS) software was 
used to design the model in COMSOL Multiphysics. The components of MEMS used 
in this study ranged in size from 1 to 100 micrometers, although MEMS devices can be 
controlled in sizes ranging from 20 micrometers to a millimeter. COMSOL was used 
to perform simulation and MATLAB was used to analyze the relationship between 
capacitance and relative humidity. 
 
2.2. Modeling and Meshing: 
Table 2.1 Diffusivity of different polymers. 
Polymers Diffusivity (m^2/s) 
DVS – BCB 4.5*10^-6 
PDMAA 8.7*10^-10 
PDMAEMA 10*10^-10 
PAA 3.5*10^-10 
POLYVINYL acetate 11*10^-10 
POLYMIDE 2.81*10^-13 
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As shown in Figure 2.1, electrode plate width was 20 μm, spacing between 
plates was 20 μm, plate thickness was 1μm, thin film thickness was 1.5 μm (DVS-BCB), 
and thin film width was 40 μm. After modeling the humidity sensor, we sought to type 
the parameters and set the diffusion levels of the transports. For this project, to gain 
knowledge of polymer diffusion, the most important property affecting the result, I 
studied ‘Transport of Diluted Species’, and found from reading this paper that the value 
of diffusion (DVS-BCB) was 4.5*10^-6 m^2/s, as shown in Table 2.1 [1]. I then built 
the very fine mesh shown in Figure 2.2 for the humidity sensor, then conducted the 
study by simulating concentrations at different times, with data presented in graphical 
form using MATLAB. 
 
Figure 2.1 Model of humidity sensor 
 
 
Figure 2.2 Meshing of humidity sensor 
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2.3. Results and Discussion: 
Fick’s law can be used for analysis of concentration field change due to 
diffusion over time. 
𝜕𝑐
𝜕𝑡
= 𝐷𝜕2𝑐/𝜕𝑥2   (1) 
 where t represents time (sec), D represents a diffusion coefficient, x represents 
position, and c represents concentration (mol/m3).  
The graphs of ‘capacitance vs time’ and ‘capacitance vs relative humidity’ 
correspond in MATLAB to the following equations.  
The sensing film permittivity can be calculated using Equation 2. 
∆𝜀𝑟 =  𝜀𝑟(𝑅𝐻) −  𝜀𝑟(0)   (2) 
The permittivity after absorption (𝜀𝑟(𝑅𝐻)) can be calculated using Clausius-
Mossotti’s Equation 
∆QαA
3V𝜀0
= (
𝜀𝑟(𝑅𝐻)
−1
𝜀𝑟(𝑅𝐻)2
) − (
𝜀𝑟(0)
−1
𝜀𝑟(0)2
)   (3) 
 where ∆𝜀𝑟  represents the variation in permittivity, 𝜀𝑟(𝑅𝐻)  represents the 
permittivity after absorption, 𝜀𝑟(0) represents the permittivity before absorption, ∆Q is 
obtained from ∆c by integrating over  the volume,  𝜀0 represents the permittivity of free 
space, and A represents Avogadro’s number [1].  
Equation 4 can be used to calculate the capacitance variation of the humidity 
sensor. 
∆Γ = ∆ε𝑟ε0A𝑒/t𝑓   (4) 
 where ∆Γ represents the capacitance variation, ∆ε𝑟 represents the permittivity 
variation, ε0 represents the permittivity of free space, t𝑓 represents the film thickness, 
and A𝑒 represents the area of the upper electrode [1]. 
The sensitivity of the humidity sensor is [2] 
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               Si =∆C / ∆RH                    (5) 
 where Si represents the humidity sensor sensitivity, ∆C represents the 
capacitance variation, and ∆RH represents the relative humidity variation . 
 
 We used MATLAB to apply the first four equations and obtain the capacitance 
of the humidity sensor. Then plotted the graph shown in Figure 2.4 that describes the 
relationship between capacitance and time. We then used Equation 5 to obtain the 
sensitivity of the humidity sensor. 
a  
b  
Figure 2.3 The concentration distribution along the humidity sensor. (a) The 
humidity (DVS-BCB) at 0 μs. (b) The humidity (DVS-BCB) at 5 μs. (c) The humidity 
(DVS-BCB) at 10 μs. (d) The humidity (DVS-BCB) at 20 μs. (e) The humidity (DVS-
BCB) at 30 μs. (f) The humidity (DVS-BCB) at 45 μs. 
12 
 
c  
d   
e   
Figure 2.3 (continued) 
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f  
Figure 2.3 (continued) 
 
  
Figure 2.4 Capacitance vs Time of the humidity sensor (DVS-BCB). (a) 
Capacitance vs Time (RH=10%). (b) Capacitance vs Time (RH=20%). (c) 
Capacitance vs Time (RH=30%). (d) Capacitance vs Time (RH=40%). (e) 
Capacitance vs Time (RH=50%). (f) Capacitance vs Time (RH=60%). (g) 
Capacitance vs Time (RH=70%). (h) Capacitance vs Time (RH=80%). (i) 
Capacitance vs Time (RH=90%). (j) Capacitance vs Time (RH=100%). 
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b   
 
c  
Figure 2.4 (continued) 
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d   
e   
Figure 2.4 (continued) 
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f   
g   
Figure 2.4 (continued) 
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h   
i   
Figure 2.4 (continued) 
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j  
Figure 2.4 (continued) 
 
 
Figure 2.5 Capacitance vs Relative Humidity (Temperature: 26 Cº) 
 
Figure 2.3 describes the concentration at different locations within the humidity 
sensor, and the highest concentration appears on the polymer surface, then decreases 
from the polymer to the electrodes. Based on Figure 2.4, the greatest value of 
capacitance occurred at the test beginning, decreased quickly during the first 5 μs, and 
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its rate of change was smaller after the first 5μs. Figure 2.5 shows the relationship 
between the greatest values of capacitance and the different relative humidity levels. 
The humidity sensor reflects a linear variation of relative humidity, as shown in Figure 
2.5. Humidity sensor sensitivity, determined using Equation 5, was found to be 
0.01pf/%RH.  
Based on the paper cited, I found that several parameter values can affect the 
results. First, the author does not show the actual width of the film in the paper, while 
in my work, I used a 40 μm polymer width. Also, although the value of Alph in the 
Clausius - Mossotti’s equation was not given, based on the relationship between the 
permittivity after absorption and the variation in permittivity, the Alph value should be 
set within a reasonable range, and in this project, I set it to 1*10^-35. To resolve 
differences between these two values, this method can be used to explain differences 
between results of my project and those of the cited paper. 
 
2.4. Conclusion: 
In this project, I use COMSOL Multiphysics to model a capacitive humidity 
sensor. The humidity sensor was simulated with a film thickness of 1.5 μm and 
electrode thicknesses of 1 μm. Based on the data and graphs from COMSOL, we can 
use appropriate equations to obtain a ‘Capacitance vs Relative Humidity’ graph using 
MATLAB. Finally, the graph reflected a linear relationship between capacitance with 
relative humidity, and the sensitivity of my humidity sensor, obtained from Equation 5,  
was 0.01 pf/%RH. 
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CHAPTER 3. COMSOL SIMULATION 
 
3.1. Introduction 
As we know, COMSOL Multiphysics can be used to create 3D models 
corresponding to micro units, and we used a COMSOL study identified as ‘Transport 
of Diluted Species (tds)’ for the first step in this project, creating the model for different 
layers of graphene. For the next step, using the transport of diluted species on COMSOL, 
we set the mesh quality before performing the simulations, and a few minutes later, we 
obtained a table describing concentration with time in the result list. The graphical 
representation also shows the concentration distributions at the slice and surface of the 
humidity sensor model.  
 
3.2. Parameters 
The several parameters of the simulation in COMSOL are show in bellow: 
Table 3.1 The general parameters of the simulation 
Name Expression Description 
W 40 [nm] Film width 
L1 100 [nm] Lower electrode length 
L2 100 [nm] Film length 
L3 20 [nm] Upper electrode length 
LL 20 [nm] Spacing between plates 
h1 5 [nm] Lower electrode thickness 
h2 1.6 [nm] Film thickness 
h3 5 [nm] Upper electrode thickness 
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Table 3.1 (continued) 
T 299.15k temperature 
LPsat 1.5262 Saturation vapor pressure (natural 
logarithm) 
Psat 33.589 (10^LPsat) Saturation vapor pressure 
RH 0 - 1 Relative humidity (range) 
PPa Psat*RH Actual vapor pressure 
Episonr0 2 Film relative initial permittivity 
Epison0 8.54e-12 Permittivity in free space 
RR 6.02214129e23[1/mol] Avogadro’s number 
 
3.3. Geometry 
A graphene humidity sensor is like the humidity sensor (with DVS-BCB) shown 
in Figure 2, except that each element is redesigned to reduce it to a nanoscale unit. As 
shown in Figure 3.1, the 3D model is comprised of one middle polymer, three upper 
electrodes, and one lower electrode. The width of the humidity sensor is 40 nm, the 
length of each upper electrode is 20 nm, the lengths of the lower electrode and the 
polymer are 100nm, and the thicknesses of upper electrode and lower electrode are 5nm. 
For the polymer, the thickness of graphene is dependent on how many graphene layers 
are used. First, a block is constructed on the basic plane used as the lower electrode. 
Then, another block is set as the polymer at the top of the lower electrode. Finally, an 
upper electrode block of length one fifth that of the lower electrode is established, and 
two blocks copied to serve as the other two upper electrodes. After designing these 
different parts of the graphene humidity sensor, they can be combined into one single 
unit in COMSOL, and the whole design simulation can be run at one time. We can also 
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see the concentration distributions at different positions in the humidity sensor as 
several colors in the graphical model. 
 
3.4. Fundamental Background of COMSOL computations 
 
Figure 3.1 The 3D geometry of humidity sensor (with four-layer graphene) 
 
Figure 3.1 shows the model for a humidity sensor using four-layer graphene, 
and this is the first model used to create other kinds of polymer based on other types of 
graphene layer structure or graphene with gold. Based on Equation 1, Fick’s Law, the 
concentration distribution along the humidity sensor can be found.  
Table 3.2 The relative humidity and Vapor concentration [1] 
Relative humidity (%) Vapor concentration (Mols/m^3) 
0.1 0.2429 
0.2 0.4863 
0.3 0.7297 
0.4 0.9731 
0.5 1.2164 
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Table 3.2 (continued) 
0.6 1.4598 
0.7 1.7032 
0.8 1.9466 
0.9 2.1899 
1 2.4333 
 
Table 3.2 shows the vapor concentration at different relative humidity levels. 
Change in vapor concentration will affect the equation used in terms of transport 
properties, and we can also change the vapor concentration of Concentration 1 to obtain 
the table (concentration vs time) given in the Results section. 
 
3.5. Transport of Diluted Species Computations 
We choose physics designated as ‘Transport of Diluted Species’ to solve for the 
concentration field of the designed model. Based on Fick’s law, it can describe the 
transport of species dissolved in gas, liquids, or solids. [2] 
There are five important set-up steps for the simulation: 
 
3.5.1. Transport properties #1 
In Figure 3.2, different layers graphene forms the polymer at the center of the 
model. With respect to the main concentration distribution, we can obtain the 3D 
concentration results, and based on the different diffusion in the graphene layers, the 
model will exhibit the different concentration distributions in its result. 
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Figure 3.2 Transport Properties #1 (four-layer graphene) 
 
Equations 6 and 7 define the transport properties of the humidity sensor: 
𝜕𝑐𝑖
𝜕𝑡
+  ∇ ∗ (−𝐷𝑖∇𝑐𝑖) + 𝑢 ∗ ∇𝑐𝑖 =  𝑅𝑖   (6) 
𝑁𝑖 =  −𝐷𝑖∇𝑐𝑖 + 𝑢𝑐𝑖   (7) 
Equation 6 shows the dependence on chemical reactions; c is the concentration 
property and R is the sink or source quantity. During the reaction, if more species are 
produced, the R value is positive; otherwise, R is negative. For this simulation, there is 
no chemical reaction in the humidity sensor for which R is zero. 
The right side of Equation includes the first Fick’s law related to the diffusion 
flux of the geometry, and it is dependent to the local polymer concentration in the model. 
𝑁𝑖 in Equation 7 is the total flux. 
 
3.5.2. No Flux 1 
Figure 3.3 exhibits a surface where is no flux during the whole simulation, and 
the other two surfaces are the inlet locations of the humidity sensor. 
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Equation 8 applies to the no flux conduction surface, i.e., there is no flux out of 
the surfaces of the humidity sensor. 
−𝑛 ∗ 𝑁𝑖 = 0   (8) 
 
Figure 3.3 No Flux part 
 
3.5.3. Initial Values 
The initial value produced by the humidity sensor is zero at the beginning of the 
simulation, and as shown in Figure 3.4, the initial value is the setting for all parts of the 
3D geometry. 
 
Figure 3.4 Initial Values part 
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3.5.4. Concentration 
The two surfaces shown in Figure 3.5 shows the inlet of the whole model, and 
the vapor concentration value related to different relative humidity values can be 
created in this part. 
 
Figure 3.5 Concentration  
 
The equation describing the concentration part is 
𝑐𝑖 =  𝑐0𝑗   (9) 
where C is the vapor concentration. 
 
3.5.5. Transport properties #2 
In the simulation, there are upper and lower electrodes reflecting second 
transport properties as shown in Figure 3.6, and Equations 6 and 7 can also be used to 
describe these two electrodes. 
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Figure 3.6 Transport properties (upper & lower electrode) 
 
3.6. Meshing 
To obtain results for 3D geometry, we use an equation providing the different 
concentration distributions of several sections of the model. To achieve this, the fine 
mesh of the different horizontal and vertical structures of the model is the important 
setting for the process. For the humidity sensor, the model has been created using 
triangular meshing to achieve a smooth connection at the edges and minimize errors 
during the calculation process, and the distribution of the slice and the surface can then 
be shown in graphical detail. Figure 3.7 depicts a model that has been meshed using 
several different triangular sizes on the upper electrode, the polymer, and the lower 
electrode. 
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Figure 3.7 Meshing of redesign humidity sensor 
 
3.7. Simulation Solvers 
Based on the simulation process, we can use diffusion in each part and different 
relative humidity values. As shown in Figure 3.7, the fine-meshed model can be run 
under ideal conditions during the whole simulation process, then, as described in the 
‘Transport of Diluted Species’ section, COMSOL can determine the concentration 
distribution along the humidity sensor.  
 
3.8. Results 
The results for the concentration distribution along the humidity sensor is 
depicted in the following graphs: 
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Figure 3.8 Concentration Distribution across the slice of the humidity sensor (yz-
plane) 
  
Figure 3.9: Concentration Distribution along the humidity sensor (3D) 
 
Figure 3.8 and 3.9 show the concentration distributions along the vertical and 
horizontal planes of the humidity sensor. It can be found from these two figures that the 
maximum concentration is approximately 2.43 mol/m^3. 
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CHAPTER 4. GRAPHENE HUMIDITY SENSOR WITH 
GOLD NANOPARTICLES 
 
4.1. Introduction  
Graphene is the lightest, strongest, thinnest, and generally a most superior heat 
and electrically-conductive material [1-6]. It also has great physical, chemical, and 
mechanical properties that are useful in various applications [7-9].  
This study focused on a capacitive humidity sensor used for measuring air 
moisture in a wide range of measurement situations. Relative humidity is the ratio of 
air moisture to its saturation moisture at a given temperature. In a capacitive humidity 
sensor, an incremental change of the sensor’s dielectric constant is approximately in 
direct proportion to the relative humidity of its environment [10]. Some applications of 
such sensors include the electronic chip manufacturing industry, air conditioning 
systems, and artificial respiration units [10]. Typical capacitance changes in these 
sensors are between 0.2 and 0.5 pF per 1% of relative humidity change, and, based on 
their low-temperature coefficients, they can be used at high temperatures (up to 200℃) 
[10]. 
We used the actual diffusion of graphene from different layers under room 
temperature, as illustrated in Cabrera’s paper [11] for our simulation results. As shown 
in that paper, the diffusion of four-layer, eight-layer and sixteen-layer graphene is (6.5 
± 0.09) ×10−4 𝑚2/𝑠 , (1.9 ± 0.07) ×10−4 𝑚2/𝑠 , and (1.3 ± 0.05) ×10−4 𝑚2/𝑠  , 
respectively [11]. We also used COMOSL software to analyze the result of the 
concentration distribution on a humidity sensor using 4-layer graphene with gold, and 
the diffusion of gold atoms was 1.27 ×10−4 𝑚2/𝑠 [12]. 
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Graphite has been studied for many decades since scientists first imagined that 
a single layer of graphene could be isolated from graphite. The first isolated sample of 
graphene was created by Geim and Novoselov using a roll of Scotch tape [13], and they 
were awarded the Nobel Prize in 2010 for the first production of graphene [14]. As a 
common everyday material, graphite can be used to produce the graphene in simple 
ways, and since it is inexpensive to produce and has a number of useful properties, it 
has been studied for decades by a variety of researchers. 
As a new material, Graphene, only one atom thick, resembles honeycomb sheets 
of carbon. In Shearer’s paper, Atomic Force Microscopy (AFM) revealed one-layer 
graphene thickness to be between 0.4 nm and 1.7 nm [15], with the difference in 
thickness caused by surface interactions, image feedback settings and surface chemistry 
[15]. For example, Cameron used standard carbon nanotube modiﬁed AFM probes and 
the new AFM imaging mode to first measure thickness of a layer of graphene, with 
results showing that measuring error is reduced from 0.1-1.3 nm to 0.1- 0.3 nm [15]. 
When designing the model in COMSOL, we decided to use the smallest thickness of 
graphene based on the ideal method.  
The humidity sensor has several components, including electrodes and a 
humidity-sensitive layer. The most significant innovation of this project is that we use 
graphene as the humidity sensitive layer of the humidity sensor to follow Henry’s law 
in setting the diffusion of the whole model. We also use the MEMS method to simulate 
the model in nanometer units. Finally, we use extremely fine meshing to provide greater 
detail in the concentration distribution graph, as discussed in the Results section. 
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4.2. Materials and Methods 
4.2.1. Humidity sensor 
Humidity sensors are used widely in many industries to check the relative and 
absolute humidity using different materials, including ceramics, semiconductors, and 
polymers [16]. In this study, we focused on sensing mechanisms that use the electrical 
properties of humidity sensors, such as sensitivity and response time. The configuration 
is shown in Figure 4.1a. 
 
        a 
 
 
 
 
 
                   b 
 
 
 
 
 
 
 
 
Figure 4.1 Humidity sensor model. (a) Different parts of humidity sensor. (b) 
Meshing of the graphene humidity sensor. 
 
The 3D model is comprised of one middle graphene layer, three upper 
electrodes, and one lower electrode, as shown in Figure 4.1a. The width of the humidity 
Electrode 
Graphene 
Electrode 
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sensor is 40 nm, the length of each upper electrode is 20 nm, the lengths of the lower 
electrode and the graphene layer are 100nm, and the thickness of both the upper 
electrode and the lower electrode is 5 nm. The thickness of the graphene layer is 
dependent on number of graphene layers. Figure 4.1b illustrates the meshing of the 
graphene humidity sensor. The element size of the meshing model is extremely fine, 
and the model’s meshing process uses a variety of triangles of several sizes. 
In this study, we found three different diffusion values [11], and, based on 
diffusion value, we established two groups that included either several layers of 
graphene or a 4-layer structure of graphene with gold. We then used the setting value 
to obtain the capacitance of the humidity sensor with graphene using COMSOL. 
 
4.2.2. Diffusion Analysis base on Henry’s Law 
As William Henry said, the solubility of a given gas is directly proportional to 
the pressure above the liquid, with pressure calculated using the type and volume of 
gas. Since Henry’s law provides that the water vapor on the film has free diffusion, the 
diffusion of the graphene layer was ideal for this model. Based on this method, the 
value of the graphene layer and electrodes in this study have the same diffusion [17, 
21]. 
 
4.2.3. MEMS’ module 
MEMS method is a way to make simulations in the microscale domain. It can 
prevent the effects of several physical phenomena when we design the humidity sensor. 
For example, electromagnetic-structural, thermal-structural, and fluid-structural 
interactions (FSI) are the common questions in the design of microscale model [18]. 
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4.2.4. Meshing 
To obtain results for the 3D geometric model, we used COMSOL to determine 
the different concentration distributions of several sections of the model [19-20], and 
we used the extremely fine mesh of the horizontal and vertical parts of the model as the 
most important setting. For the humidity sensor, we created triangular meshing on the 
model to produce a smooth connection at the edges. Also, such extremely fine meshing 
can minimize errors during the calculation process. After meshing, the distribution of 
the slice and surface can be shown in detail in the figure. Figure 1b shows the model 
meshed with several different sizes of triangular shapes on the upper electrodes, the 
graphene layer, and the lower electrode. 
 
4.3. Results and Discussion 
4.3.1. Equations 
Fick’s law can be used for analysis of the concentration field change due to diffusion 
over time. 
𝜕𝑐
𝜕𝑡
= 𝐷𝜕2𝑐/𝜕𝑥2   (1) 
where t represents time (sec), D represents diffusion coefficient, x represents position, 
and c represents concentration (mol/m3).  
The graphs of ‘capacitance vs time’ and ‘capacitance vs relative humidity’ 
correspond to the following equations in the MATLAB.  
The permittivity of the sensing film is calculated using Equation 2. 
∆𝜀𝑟 =  𝜀𝑟(𝑅𝐻) −  𝜀𝑟(0)   (2) 
The permittivity after absorption ( 𝜀𝑟(𝑅𝐻) ) is calculated using Clausius-
Mossotti’s Equation. 
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∆QαA
3V𝜀0
= (
𝜀𝑟(𝑅𝐻)
−1
𝜀𝑟(𝑅𝐻)2
) − (
𝜀𝑟(0)
−1
𝜀𝑟(0)2
)   (3) 
where ∆𝜀𝑟  represents the variation in permittivity, 𝜀𝑟(𝑅𝐻)  represents the permittivity 
after absorption, 𝜀𝑟(0) represents the permittivity before absorption, ∆Q is got from ∆c 
by integrating over  the volume,  𝜀0 represents the permittivity of free space, and A 
represents Avogadro’s number [21].  
Equation 4 can be used to calculate the capacitance variation of the humidity 
sensor. 
∆Γ = ∆ε𝑟ε0A𝑒/t𝑓   (4) 
where ∆Γ  represents the capacitance variation, ∆ε𝑟  represents the variation in 
permittivity, ε0  represents the permittivity of free space, t𝑓  represents the film 
thickness, and A𝑒 represents the area of the upper electrode [21]. 
The sensitivity of the humidity sensor is [28] 
Si =∆C / ∆RH  (5) 
Where Si represents the sensitivity of humidity sensor, ∆C represents the variation in 
capacitance, and ∆RH represents the variation in relative humidity. 
 
4.3.2. COMSOL Modeling 
The humidity sensor model is shown in Figure 1a; it is comprised of one middle 
graphene layer, three upper electrodes, and one lower electrode. The width of the 
humidity sensor is 40 nm, the length of each upper electrode is 20 nm, the lengths of 
both the lower electrode and the graphene layer are 100nm. The thickness of the upper 
electrode and the lower electrode is 5 nm, and the thickness of the graphene layer 
depends on the number of different layers of graphene. We also set the study at room 
temperature in COMSOL to obtain simulation results close to the experimental values. 
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During the simulation process, COMSOL Multiphysics generated results for the 
micro humidity sensor with graphene and confirmed the experimental data. The 3D 
geometric model was created with three upper electrodes, a lower electrode, and a 
graphene layer, connected together as a single model; the relative humidity and 
corresponding diffusion rates of these three components were available from past 
research [21]. For the simulation, we chose to create the COMSOL model with two 
inlet humidity sensors to reduce calculation time. The inlet surfaces are on the top of 
the graphene layer at the center of the two upper electrodes, and the other surfaces of 
the humidity sensor provide no values in the whole simulation process. One middle 
graphene layer, three upper electrodes, and one lower electrode were used as transport 
elements in the COMSOL study. Finally, the meshing design uses several triangles to 
cover the horizontal and vertical surfaces of the 3D geometric model to make the 
simulation result closer to reality. 
a  
Figure 4.2 The concentration distribution along the humidity sensor. (a) The 4-layer 
graphene at 0µs. (b) The 4-layer graphene at 25µs. The concentration distribution in 
the 3D geometric model will change with time. The concentration of the humidity 
sensor was assumed to be 243.33 ×10-2 mol/m3 (blue) and 243.57 ×10-2 mol/m3 (red). 
 
Time = 0μs   Surface: Concentration (mol/𝑚3) 
243*10−2 
243.57*10−2 
243.33*10−2 
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b  
Figure 4.2 (continued) 
 
 
Figure 4.3 Capacitance vs Relative humidity of the 4-layer graphene humidity sensor. 
All capacitances were under room temperature in COMSOL study process. 
 
To compare the results for several different layers of graphene, Figure 4.2a and 
4.2b show the concentration distributions of the model at 0 µs and 25 µs. The maximum 
value in the red region is 243.57 ×10-2 mol/m3, and the minimum value in the blue 
region is 243.33 ×10-2 mol/m3. In Figure 4.3, the capacitance of the 4-layer graphene 
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increases from 89.6699999962933 pF to 89.669999999632 pF as the relative humidity 
increases. 
 
a  
b  
Figure 4.4 The concentration distribution along the humidity sensor. (a) the 8-layer 
graphene at 0 µs. (b) the 8-layer graphene at 25 µs. The concentration in the humidity 
sensor was assumed to be 243.33 ×10-2 mol/m3 (blue) and 243.57 ×10-2 mol/m3 (red). 
 
Time = 0μs   Surface: Concentration (mol/𝑚3) 
243*10−2 
243.57*10−2 
243.33*10−2 
243.57*10−2 
243*10−2 
243.33*10−2 
Time = 25μs   Surface: Concentration (mol/𝑚3) 
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Figure 4.5 Capacitance vs Relative humidity of the 8-layer graphene humidity sensor. 
All capacitances were at room temperature in the COMSOL study process. 
 
We used 8-layer graphene as another graphene layer in a comparative group, 
and Figures 4.4a and 4.4b show results for the same time used for the 4-layer graphene. 
The concentration distribution of the humidity sensor had the maximum value of about 
243.57 ×10-2 mol/m3, and it had the same minimum value in the blue region as the 4-
layer graphene. Figure 4.5 presents the capacitance of the humidity sensor, increases 
from 44.8349999999986 pF to 44.8349999999999 pF, used to represent the relative 
humidity.  
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a  
b  
Figure 4.6 The concentration distribution along the humidity sensor. (a) the 16-layer 
graphene at 0 µs. (b) the 16-layer graphene at 25 µs. The concentration in the 
humidity sensor was assumed to be 242.998 ×10-2 mol/m3 (blue) and 243.552 ×10-2 
mol/m3 (red). 
 
Time = 0μs   Surface: Concentration (mol/𝑚3) 
Time = 25μs   Surface: Concentration (mol/𝑚3) 
243.552*10−2 
243.552*10−2 
243*10−2 
243*10−2 
242.998*10−2 
242.998*10−2 
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Figure 4.7 Capacitance vs Relative humidity of the 16-layer graphene humidity 
sensor. All capacitances were at room temperature in the COMSOL study process. 
 
We also investigated a 16-layer graphene sensor. As shown in Figure 4.6a and 
4.6b, the concentration distributions are under 0 µs and 25 µs. The maximum value in 
the red region is 243.552 ×10-2 mol/m3 and the minimum value in the blue region is 
242.998 ×10-2 mol/m3. The capacitance increases from 22.4174999957572 pF to 
22.417499999715 pF, as shown in Figure 4.7. 
Figure 4.2 through Figure 4.7 show the concentration distributions of the 3D 
geometric model and a graph of capacitance vs relative humidity. The concentration 
distributions on the different layers of graphene exhibit several colored regions to show 
the concentration values. The test runs from 0 µs to 45 µs in the simulation process, 
and we found that the humidity sensor gradually grows into the green area as time 
changes. For different layers of graphene, the time varies. For example, the 4-layer 
graphene starts at 35 µs, the 8-layer graphene starts at 30 µs, and the 16-layer graphene 
starts at 35 µs. Also, 25 µs is the center time between 0 µs and 45 µs. For these reasons, 
we chose the concentration distributions of the humidity sensor at 0 µs and 25 µs, and 
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the figures show the relationship between capacitance and relative humidity. All 
capacitances of the humidity sensor were found using the first four equations given 
earlier. The capacitance will increase with the increase of relative humidity (from 10 to 
100). Also, we can find that the capacitance of the humidity sensor is decrease with the 
increase of layers graphene (from 4-layer to 16-layer), as shown in the figures depicting 
the different layers of graphene. 
 
a  
b  
Figure 4.8 The concentration distribution along the humidity sensor. (a) the 4-layer 
graphene with gold at 0 µs. (b) the 4-layer graphene with gold at 25 µs. The 
Time = 0μs   Surface: Concentration (mol/𝑚3) 
(mol/𝑚3) (mol/𝑚3) (mol/𝑚3) 
 
243.529*10−2 
243*10−2 
242.963*10−2 
Time = 25μs   Surface: Concentration (mol/𝑚3) 
(mol/𝑚3) 
 
243.529*10−2 
243*10−2 
242.963*10−2 
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concentration of the humidity sensor was assumed to be 242.963 ×10-2 mol/𝑚3 (blue) 
and 243.529 ×10-2 mol/𝑚3(red). 
 
 
Figure 4.9 Capacitance vs Relative humidity of the 4-layer graphene with gold 
humidity sensor. All capacitances were at room temperature in the COMSOL study 
process. 
 
Table 4.1 Film of humidity sensor and sensitivity 
Film Sensitivity (pF/%RH) 
4-layer graphene 3.379 ×10−11 
8-layer graphene 1.210 ×10−14 
16-layer graphene 3.597 ×10−11 
4-layer graphene with gold 3.872 ×10−13 
 
Gold nanoparticles exhibit strong interaction at their points of contact with 
graphene, and this interaction can be used to produce a quick response time sensor. The 
opposing gold nanoparticles can also be increased by about three times more than the 
single-sided case, as shown in Mcleod’s paper [22]. Also, there have been several 
published papers suggesting that graphene with gold nanoparticles exhibits good 
electrocatalytic activity, so this new humidity sensor could be a better future choice 
[23-25]. For the new geometric model, the thickness of gold is 8 nm on the opposite 
side of the 4-layer graphene, as shown in Figure 4.8 [22]. Based on the concentration 
of relative humidity [26-27], we used MATLAB equations to determine that the value 
of capacitance is increase from 8.15181818177627 pF to 8.15181818181376 pF which 
8.152
8.152
8.152
8.152
8.152
8.152
8.152
8.152
10 20 30 40 50 60 70 80 90 100
C
a
p
a
ci
ta
n
ce
 (
p
𝑓
)
Relative Humidity (%)
46 
 
is shown in Figure 4.9. The sensitivity of 4-layer graphene with gold is 3.872 ×10−13 
pF/%RH from Equation 5. The sensitivity value of the graphene humidity sensor with 
gold is smaller than the sensitivity of the 4-layer graphene humidity sensor. Based on 
the thickness of film and the sensitivity in the Table 4.1, we made two groups which 
include the thickness of film is less or more than the thickness of electrodes. These two 
groups show that the sensitivity will decrease with the increase of the thickness of film. 
Form Karthick’s paper, the relationship between the sensitivity and response time is 
inversely proportional, and the 4-layer graphene with gold should have the better 
response time than 4-layer graphene [21]. From these results, the 4-layer graphene with 
gold humidity sensor have good response time with good sensitivity. 
 
4.3.3. Experimental Results 
As shown in Figure 4.10, dry graphene can be achieved by heating liquid 
graphene mixed by 5 ml deionized water, 5 mg Albumin from bovine serum (BSA), 
and 10 mg graphite. We added around 600 𝜇𝐿 of liquid graphene on the glass, then 
heated the liquid graphene at 280 ℃ for 1 hour to get more pieces of dry graphene. Also, 
we used 600 𝜇𝐿 liquid graphene on the glass, and let it dry under the room temperature. 
We first used a digital multimeter (figure 4.11a) to check the relative humidity 
of the lab; both the relative humidity and the temperature were shown on the screen of 
a digital multimeter. We then connected to the positive and negative terminals on the 
positive sides of the graphene to display the capacitance data on the screen of the true 
RMS multimeter (figure 4.11b). 
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Figure 4.10 The dry graphene obtained from 600 𝜇𝐿 of liquid graphene heated at 280 
℃ for 1 hour. 
 
a . 
b  
Figure 4.11 (a) Digital multimeter and (b) RMS multimeter 
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Figure 4.12 Relative Humidity vs Capacitance (include experimental and simulation 
result). The relative humidity over a three-day period as measured by the digital 
multimeter. The capacitance (experimental results) of each small piece of graphene 
can be measured by the true RMS multimeter. 
 
As shown in Figure 4.12, the values of capacitance in the graph corresponded 
to different relative humidity levels, and we found a relationship in which the 
capacitance of the dry graphene increases right along with an increase in the relative 
humidity. The capacitance result of 16-layer graphene from COMSOL is very close to 
the experimental value. For example, the COMSOL capacitance value of 8-layer 
graphene is about 44.835 pF at 70 %RH, and it is very close to average value 45 pF at 
68 %RH that graphene dries under 280 ℃  for 1 hour in the experimental lab. 
Comparing values between simulation and experiment, the smallest error of these two 
results is controlled at about 0.37 %, proving that the COMSOL solution is relevant. 
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4.4. Conclusions 
We designed the project into two different steps, the simulation using COMSOL 
and testing the actual capacitance under different relative humidity conditions in the 
lab. Using the different layers of graphene in our humidity sensor, sensitivity was 
calculated using Equation 5 [28]. The sensitivity is 3.379 ×10−11 pF/%RH for the 4-
layer graphene, 1.210 ×10−14 pF/%RH for the 8-layer graphene, and 3.597 ×10−11 
pF/%RH for the 16-layer graphene. Also, the capacitance of the humidity sensor (4-
layer graphene with gold) is 3.872 ×10−13 pF/%RH in MATLAB solution. The response 
time of 4-layer graphene with gold case should be better than 4-layer graphene humidity 
sensor, which is based on the relationship between response time and sensitivity. To 
prove that COMSOL can be used for model simulation and can provide data similar to 
that in the experiment, we tested the capacitance of the dry graphene using a multimeter. 
The result of two groups which include the film thickness is less or more than electrodes, 
the 4-layer graphene is more sensitivity than 8-layer graphene and the 16-layer 
graphene is more sensitivity than 4-layer graphene with gold. 
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CHAPTER 5. CONCLUSIONS 
 
5.1. Conclusion 
 In this study, the simulation produced several different results that can be used 
in the further development. Using graphene as a film in the humidity sensor can increase 
humidity sensor sensitivity and can therefore reduce the response time in obtaining 
humidity water-vapor results. In the study, in trying to compare data for different 
numbers of graphene layers and for graphene with gold, we found that 4-layer graphene 
was the most sensitive structure in the graphene-only group, and that graphene mixed 
with gold produces sensors with better response time than the 4-layer graphene 
humidity sensors. The experimental results for dry graphene were very close to the 
simulation results, indicating that the validity of the COMSOL solution. 
 COMSOL software was the main simulation tool used to simulate the 
concentration distribution of the humidity sensor. To reduce calculation time, only the 
three top electrodes were designed using COMSOL, and concentration results were 
obtained for humidity value with time. The concentration distribution will reach 
different levels for the center rather than at the rim of the humidity sensor. We also 
developed a table of results for different humidity rates at different times. Finally, we 
used EXCEL to trim the data under the same unit and used the data from MATLAB 
equations to obtain a graph describing the relationship between capacitance and 
humidity. 
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5.2. Further Work 
 Based on diffusion of graphene, we will try to find a way to produce graphene 
mixed with gold that has shown promise in the simulation process. We can then try to 
find a way to experimentally measure its capacitance and collect the data to provide 
support for producing this type of humidity sensor. 
 This type of humidity sensor is very small and can be used as a part of a 
wearable product. For example, Lee’s paper describes a wearable electronic unit for 
controlling human blood glucose, and a humidity sensor could comprise one part of 
such an instrument, helping such a system check humidity of sweat, assisting other 
sensors in measuring sweat glucose concentrations thereby estimating the level of blood 
glucose. Integrated sensors could also control drug usage by sensing on microneedles 
of a wearable electronic path. [1] We believe that small size and rapid response time 
are the most prominent characteristics of this type of humidity sensor, and it is likely to 
be widely used in the further. 
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